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We report on a search for the standard-model Higgs boson in pp¯ collisions at
√
s = 1.96 TeV using
an integrated luminosity of 2.0 fb−1. We look for production of the Higgs boson decaying to a pair
of bottom quarks in association with a vector boson V (W or Z) decaying to quarks, resulting in a
four-jet final state. Two of the jets are required to have secondary vertices consistent with B-hadron
decays. We set the first 95% confidence level upper limit on the V H production cross section with
V (→ qq¯/qq′)H(→ bb¯) decay for Higgs boson masses of 100-150 GeV/c2 using data from Run II at
the Fermilab Tevatron. For mH = 120 GeV/c
2, we exclude cross sections larger than 38 times the
standard-model prediction.
PACS numbers: 14.65.Ha, 13.85.Ni, 13.85.Qk, 12.15.Ff
∗Deceased
†Deceased
‡With visitors from aUniversiteit Antwerpen, B-2610 Antwerp,
4The standard model (SM) of elementary particle
physics includes a scalar Higgs (H) boson to explain
the origins of electroweak-symmetry breaking [1, 2]. Di-
rect searches for the Higgs scalar boson at the LEP col-
lider [3] have constrained the Higgs boson mass (mH) to
be greater than 114.4 GeV/c2 at 95% confidence level
(CL). For Higgs boson masses above this limit, the CDF
and DØ experiments at the Tevatron collider are cur-
rently performing the most sensitive searches [4]. Global
fits to electroweak data [5] indicate a light SM Higgs bo-
son, excluding mH > 154 GeV/c
2 at 95% CL. Searches
for a low-mass Higgs boson are thus particularly rele-
vant. For mH < 135 GeV/c
2, the dominant decay mode
is H → bb¯ [6]. While the dominant production modes
are direct gg → H and qq¯ → H , the bb¯ signature in
this channel is overwhelmed by background from QCD
bb¯ production. Searches for events where the Higgs bo-
son is produced in association with a vector boson (V =
W or Z) are more promising. The V H associated pro-
duction cross section is smaller by an order of magnitude
than for direct production, but identification of the ac-
companying vector boson reduces the QCD background,
making searches for V H the most sensitive ones at low
Higgs-boson mass.
So far, Tevatron Run II searches [7, 8] have used sig-
natures where the V decays to leptons. In this Letter
we report on an analysis of the channel in which the V
decays to a qq¯ pair resulting in two jets. Using data
from 2.0 fb−1 of integrated luminosity collected by the
CDF experiment, we search for four-jet events compati-
ble with the V H decay. While this channel has a large
QCD background, it benefits from the combined cross
sections of ZH and WH production as well as the large
V → qq¯/qq′ branching ratio of about 70% [9]. An analy-
sis of this channel in Run I of the Tevatron [10] suggests
strong potential. This Letter presents the first analysis
of this channel using data from Run II of the Tevatron;
we find that uncertainties on the dominant background
are larger than had been anticipated [11].
The CDF II detector [12, 13] consists of a cylindrical
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magnetic spectrometer surrounded by sampling calorime-
ters used to measure the energies of the jets. Charged
particle tracking is performed with silicon microstrip de-
tectors surrounded by a large cylindrical multilayer drift
chamber, immersed in a solenoidal magnetic field. Pla-
nar drift chambers surround the calorimeters to detect
muons.
The data were collected using a three-level multi-jet
online event selection (trigger) [14], originally designed
for hadronic top decays. To trigger a jet, in the first stage
(level 1) a single calorimeter tower was required with a
transverse energy (ET ) [15] of at least 10(20) GeV for the
data from the first (second) fb−1 of integrated luminosity.
At level 2, clusters of contiguous calorimeter towers were
identified and a fast online cluster energy measurement
was performed. Four clusters with ET > 15 GeV were
required. Additionally, the total transverse energy,
∑
ET
, was required to exceed 125 (175) GeV for the first 0.4
(last 1.6) fb−1 to reduce backgrounds from soft QCD
jets. The thresholds were increased in the later periods to
maintain an acceptable trigger rate as the instantaneous
luminosity increased over time. No rejection is made by
the level 3 trigger.
The trigger efficiency for the V H signal is estimated
using a combination of pythia [16] simulation and data.
Interaction of the final-state particles with the CDF II
detector is described by a geant-based detector simula-
tion [17]. The data used to measure the efficiency were
collected by triggers which required a single jet with ET
greater than 20 or 50 GeV. Corrections to the simulated
V H trigger efficiency were derived by comparing these
data to the corresponding simulations. The corrections
account for imperfect simulation of the soft hadron ac-
tivity and jet finding in the trigger algorithm and differ-
ences in the energy scale at the trigger level between data
and simulation. These corrections result in a relative re-
duction of the estimated efficiency for the V H signal by
∼ 20%. A systematic uncertainty of 7% (relative) on the
trigger efficiency is derived by comparing the corrections
found in data with different single-jet energy thresholds,
and in different data periods. The uncertainty of the
trigger acceptance due to initial- and final-state radi-
ation, the jet energy scale and the parton distribution
functions are handled separately. The overall trigger ef-
ficiency for the V H signal (with mH = 120 GeV/c
2) is
33 ± 2%(17 ± 1%) for the
∑
ET threshold of 125(175)
GeV .
In the final oﬄine selection, jets are identified as en-
ergy depositions in the calorimeters by the jetclu [18]
algorithm with a clustering radius of 0.4 in azimuth-
pseudorapidity space. The reconstructed jet energies are
corrected to give the best estimate of the energy of each
quark, including effects of calorimeter response, multi-
ple pp¯ interactions, the underlying event, and energy de-
posited outside the clustered jet [19]. Jets originating
from b-quarks are identified, or ‘b-tagged’, by the secvtx
5[20] algorithm, which searches for a secondary vertex that
results from the displaced decay of a B-hadron.
Events compatible with the V H → qqbb signature are
selected by requiring at least four jets with |η| < 2.4
and ET > 15 GeV in which exactly two of the jets are
b-tagged. The invariant mass of the b-tagged jets, mbb,
is required to exceed 75GeV/c2. The invariant mass of
the remaining leading two q jets, mqq, is required to be
compatible with the W or Z mass: 35 < mqq < 120
GeV/c2. The di-jet mass resolution in the relevant in-
variant mass range is of the order of 15 GeV/c2, so the
WH and ZH channels cannot be distinguished. We re-
fer to this as the signal region; see Fig. 1. Events in
other regions of the (mbb, mqq) plane and events with at
least one b-tag are used to model the QCD background
to the VH → qqbb signature. Events with identified iso-
lated leptons are removed from the sample to eliminate
overlap with leptonic W,Z decay channels and reduce
the background from tt¯. The combined trigger and se-
lection efficiency for VH → qqbb events for the entire
data-taking period varies from ∼ 1% to ∼ 4% for Higgs
boson masses between 100 and 150 GeV/c2.
The dominant background to the qqbb final state is
QCD multijet production. In order to distinguish be-
tween signal and background events, we use the log-
likelihood ratio
Q = log
(
P (x|WH) + P (x|ZH)
P (x|QCD)
)
,
where x is the vector of measured jet momenta of the
four highest ET jets, and P (x|WH), P (x|ZH) and
P (x|QCD) are the likelihoods of observing the event x
for the WH,ZH and QCD processes respectively. The
likelihoods are calculated by convoluting the differential
cross section as a function of the incoming and outgo-
ing quark momenta for the processes with parameterized
detector resolution functions, and numerically integrat-
ing over the unmeasured magnitudes of the quark mo-
menta [21]. P (x|process) is defined as
P (x|process) =
∫
dΦ|Mprocess|
2Ptot
×
∏
j=1...4
T (Ejjet|E
j
quark)fpfp¯,
where dΦ is the phase space of the unmeasured incom-
ing and outgoing quark momenta, M is the matrix ele-
ment, Ptot is the probability density of the transverse mo-
mentum of the process described by the matrix element,
T (Ejet|Equark) is a transfer function which parameter-
izes the probability to measure a quark of energy Equark
as a jet with energy Ejet, and fp and fp¯ are the parton
distribution functions [22] for the proton and anti-proton.
The jet directions are assumed to be measured perfectly,
so that the integration is over the magnitudes of the four
quark momenta.
The matrix elements forWH and ZH are numerically
calculated by the alpgen [23] simulation. The matrix el-
ementMgg→ggbb is used to describe the dominant back-
ground process and is calculated by the madgraph [24]
simulation. However, these matrix elements do not de-
scribe initial state radiation, which could result in non-
zero total transverse momentum of the V H system. The
probability density of the transverse momentum, Ptot,
is extracted from simulated pythia events that include
radiation. The likelihoods P (x|ZH), P (x|WH), and
P (x|QCD) are computed for mH between 100 and 150
GeV/c2 with 10 GeV/c2 intervals; values at intermediate
mass points are interpolated. The transfer functions were
extracted from simulated events separately for b-jets and
light-quark jets, accounting for the reduced jet energy for
b-jets due to semileptonic decays.
Models of the Q likelihood ratio distribution are con-
structed for both signal and background events. Back-
grounds from tt¯, single top, and diboson production are
modeled by pythia. alpgen is used to simulate the
leading-order multiparton final state for the W with
heavy-flavor jets background, while the hadronization
and parton showering are modeled by pythia. System-
atic uncertainties in the signal acceptance, which includes
trigger and selection efficiency, and the shape of the sig-
nal in Q come from rates of initial- and final-state radi-
ation, the jet energy scale, the parton distribution func-
tions, the trigger acceptance and the b-tagging efficiency.
The 7% trigger efficiency uncertainty is applied as a rate
error for all simulated samples. Uncertainties in the cross
sections of the background processes contribute to the
systematic uncertainty in the background rate.
A model for the primary background is constructed
from the data using the background-dominated sample
with at least one b-tagged jet. Each of the additional
jets, called a probe jet, is weighted by the probability for
it to receive a b-tag, called the tag rate function (TRF).
For an event to contribute to the background model in
the signal region, the invariant mass of the tagged jet
and the probe jet must exceed 75 GeV/c2 and the mass
of the other two leading jets, mqq, in the event must be
between 35 and 120 GeV/c2. Combinations for which
mqq is outside this window represent an orthogonal set
of probe-jets, which was used to measure the TRF. In
particular, the TRF is measured on combinations where
the mass of the other two jets are incompatible with the
vector boson masses, mqq < 25 GeV/c
2 or mqq > 130
GeV/c2 (the region labeled tag in Fig. 1).
The tag rate is measured as a function of four variables:
the pT of the probe jet, the number of tracks in the probe
jet that traverse the silicon detector, ∆R between the
probe jet and the tagged jet, and the invariant mass of the
probe and the tagged jet. The TRF is implemented using
a four-dimensional histogram with bin-sizes 14 GeV/c ×
6FIG. 1: Regions in the plane of mbb, invariant mass of the
two b-jets, and mqq , invariant mass of the two other jets. The
tag and tune regions are used to define and tune the tag rate
function used to predict the background contribution from
QCD bb¯ production in the signal region. The control region is
used to estimate a systematic uncertainty on the interpolation
of the tag rate function into the signal region.
2 × 1 × 15 GeV/c2 respectively. The TRF cannot be
constructed explicitly as a function ofmqq , as we use this
variable to interpolate from the sidebands into the signal
region. A small mqq-dependence of the tagging rate may
result from correlations between mqq and properties of
the b-jets that are not modeled by the TRF. The TRF
is therefore further scaled by the ratio of the observed
mqq distribution to the predicted mqq distribution in the
low-mass region, mbb < 75 GeV/c
2, labeled tune region
in Fig. 1. The correction, a smooth function of mqq, is of
order 5%.
We consider three sources of systematic uncertainty
on the shape of the Q distribution for the QCD back-
ground. The interpolation uncertainty accounts for pos-
sible differences in the TRF between the regions where
it was measured (tag) and applied (signal). An alterna-
tive TRF is measured using events with 25 < mqq < 35
GeV/c2 or 120 < mqq < 130 GeV/c
2 (labeled control
in Fig. 1). The difference in the shapes of the predicted
background distribution in Q for the two TRFs is treated
as a systematic uncertainty. The second source is due
to uncertainty in applying the mqq-tuning to the sig-
nal region. An alternative tuning is derived using events
with mbb > 170 GeV/c
2, which is similarly background-
dominated. Finally, we estimate a mismodeling uncer-
tainty due to a possible limitation of the 4-dimensional
TRF parameterization to describe all the quantities that
affect the shape of the Q distribution. In a large sim-
ulated tt¯ sample, we derive a TRF using events in the
FIG. 2: Systematic uncertainties on the relative number of
events expected for the QCD background model as a function
of the discriminant Q, from three sources described in the
text.
signal region and use it to predict the number of double-
tagged events in the same signal region. The differ-
ence in the signal region between the Q distribution
for double-tagged events and TRF-weighted single-tag
events is used to derive the mismodeling uncertainty in
the TRF method. This uncertainty describes any intrin-
sic failure of the TRF method to model Q distributions,
independently of the details of the data sample.
The systematic shape uncertainties are shown in Fig. 2,
which shows the expected deviation in the number of
events within the uncertainties of the shape of the back-
ground model. In the region Q & −14, where most of the
Higgs boson signal would be, the systematic uncertainty
on the background model is smaller than a few events
per bin.
Figure 3 shows the distribution of Q for a signal
(mH = 120 GeV/c
2), the background contributions, and
the observed data. There is good agreement over the
range of Q and no evidence of a V H signal.
To test for the presence of a V H signal in the data,
a binned likelihood of the distribution of the data in
Q is computed for the background-only and the sig-
nal+background hypotheses. The ratio of these likeli-
hoods is the test statistic. The normalization of the
QCD background model is a free parameter that is fit to
the data. The expected distributions of the test statistic
are derived from pseudo-experiments that are generated
from the signal and background models, after varying
them within the systematic uncertainties. All systematic
uncertainties are estimated as symmetric one standard-
deviation variations in the respective unknown nuisance
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FIG. 3: Predicted and observed distribution of theQ discrim-
inant in the signal region in 2.0 fb−1 of integrated luminosity.
As Q is a ratio of likelihoods, its absolute scale is arbitrary.
parameter. From these distributions, limits on the V H
cross section are extracted using the modified frequentist
scheme [25].
Table I lists the expected and observed limits on the
V H cross section expressed as a multiple of the SM cross
section, σSM, for different Higgs boson masses. The ob-
served limits agree with the expected ones. For exam-
ple, for a Higgs boson mass of 120 GeV/c2, the observed
95% C.L. limit is 38.2× σSM while the expected limit is
about 40× σSM. At higher values of mH the sensitivity
decreases due to the decreased Higgs boson production
cross-section and H → bb¯ branching fraction. The sys-
tematic uncertainties on the background model signifi-
cantly affect the sensitivity: without these, the expected
limit would be 30% lower.
In summary, we report a limit on the production cross
section of the standard-model Higgs boson in association
with a vector boson V = W,Z with hadronic decays.
Tighter limits are being obtained in the semileptonic de-
cay channels. However, this is the first limit obtained in
the difficult all-hadronic channel in Run II. We expect
the analysis to be refined with time, and to be able to
contribute to the overall Tevatron information on light
Higgs production when all data of the Tevatron Run II
have been analyzed.
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